The primary clocks CS1 and CS2 have been developed and operated by the Physikalisch- ) during 3.5 years revealed that CS2 and CSF1
Introduction
Since the definition of the unit of time is based on the hyperfine splitting in the caesium-133 ground state it is the particular role of primary frequency standards or primary clocks to realize the second with a specified uncertainty. The term primary has the meaning that the physical parameters of the clock which could, according to the accepted theories, lead to a deviation of the realized second from the SI value are quantitatively known and that appropriate frequency corrections are applied. Throughout the years, there has been a continuous struggle to improve the knowledge of the theories and of these parameters which has resulted in an increase of the clock's accuracy by almost an order of magnitude per decade. The Physikalisch-Technische Bundesanstalt (PTB) entered into that race in the mid sixties of the last century when the CS1 development started. The saying of W. M. Markowitz at the 1964 International Conference on Chronometry in Lausanne (CIC64) that "Physics requires time interval but not epoch; no requirement for the epoch of atomic time has yet been given" [1] probably reflected the common attitude at that time. Accordingly, primary frequency standards were designed to be operated only during limited periods for calibration of the scale unit of atomic time scales realized with commercial equipment. Initially PTB also followed this practice, but later CS1 became what it is still today, a primary clock providing an almost continuous series of time marks separated by highly accurate SI seconds. Its successor, CS2, was immediately designed to be operated in this fashion, and since 1986, 1 CS2 has served as a reliable and accurate reference for the SI second for the international timing community.
This article and those of Vanier and Audoin [2] and of Guinot and Arias [3] in this issue of Metrologia complement each other. In [2] , the basic principles underlying the operation of caesium atomic frequency standards and the progress accomplished during the last fifty years since its invention are laid down. In [3] , among other subjects, the particular role of primary clocks in the realization of International Atomic Time TAI is discussed. Here I provide some notes on the development of CS1 and CS2 and of their operations. I will, however, not document in detail the stepwise development of CS1 with all required bibliographic references. In Section 4 I will try to explain how the construction principle led to the rather small uncertainty achieved. Part of the knowledge required for this was gained from experimental work done with the CSX device, subject of Section 5. In Section 6 I will present results of long-term frequency comparisons before rounding-off in my conclusions. During recent years, the operation and uncertainty evaluation of PTB's clocks were documented in several articles [4, 5, 6] which contain many of the details which cannot be given here due to the restricted length of this article.
How CS1 and CS2 came into being

Concept and history of CS1
In what we now call "classical" caesium clocks, a beam of atoms effuses from an oven and passes through a state-selecting magnet which deflects atoms in one of the hyperfine states, F = 3 and F = 4, so that they subsequently pass through the microwave cavity. Here the atoms are irradiated with a microwave probing field, and, in resonance, the transition to the other hyperfine state is induced. The analyzer magnet deflects these atoms to a hot wire detector. The atoms are ionized and the ion current is processed to yield the control signal for the quartz oscillator from which the microwave signal is synthesized. Around 1965, discussions arose as to how this fundamental concept, already developed by Essen and Parry ten years earlier [7] and explained in more detail in [2] , could be best put into practice.
A seminal contribution was that of Holloway and Lacey at the CIC64, in which they discussed the principal sources of error in a caesium atomic beam frequency standard and finally proposed an atomic beam geometry with magnetic multipole fields for the state selection, an axial C-field, a coaxial microwave cavity, and an annular ionization detector [8] . In Figure 1a) I reproduce one of their design drawings.
At that time the development of an active hydrogen maser [9] was pursued at PTB and the focusing of hydrogen atoms by magnetic multipole fields was discussed by Becker and Fischer at the CIC64 [10] . So the development of a primary caesium clock in PTB could profit 2 by the research activities already made and could immediately incorporate the advantages of the design concept advertised by Holloway and Lacey. In 1967 G. Becker reported on the current state of atomic clock development and advocated the new design concept as it could -provide an increased signal-to-noise ratio by two-dimensional focusing of the atoms, -allow the minimization of the end-to-end phase difference of the resonator because of the ease of precise manufacture of a body with rotational symmetry, -reduce the error due the inhomogeneity of the quantization field which could be generated by a solenoid.
Altogether, this should allow one to reduce the uncertainty by a factor of 10 compared to what had been achieved up to then [11] . Becker's design principle is reproduced as Figure   1b ).
During the process of the development of CS1 [12] , two features were finally given up, namely the coaxial resonator and the annular ionization detector. The final CS1 design is reproduced in Figure 1c ). Apparently, it was not possible to develop a cavity with a stable and suitable resonating mode of the microwave standing wave. The annular detector was replaced by a spot-sized detector at the position designated as P in Figure 1b) . Such a detector produces a minimum of non-caesium background, it has the lowest possible stray capacitance, and it is mechanically stable and more durable than an annular structure. The price to be paid is that the hyperfine transitions are detected in a flop-out mode so that the signal-to-noise ratio is about a factor of 3 lower than if the same resonance amplitude would be observed in the flop-in mode. In 1969 CS1 was put in operation, intermittently serving as the reference for the unit of time and frequency in Germany. Figure 2 shows an early photo which was taken at that time.
During the following years, comparisons of CS1 with the ensemble of commercial clocks maintained at PTB revealed an annual frequency variation of the commercial clocks so that the concept of "using the clock ensemble for maintaining the SI unit as realized with CS1 now and then" [12] proved inadequate. Following also the example of the Canadian NRC's clocks of that time, from 1978 on CS1 was operated continuously. Inevitably, many components of CS1 were subsequently subject to ageing and about 15 years later it was decided to undertake major refurbishing. The vacuum system, in particular, had remained untouched since 1978. New ion getter pumps were installed. At the same time, an improved microwave cavity was installed inside a newly-built central vacuum chamber, and also the quantization field was perfected. This work was accomplished between summer 1995 and early 1996. Quasi-routine operation was restarted on May 1st, 1997, [4] and persists until the time of writing. The entries in Table 1 reflect the CS1 operational parameters of today.
Development of CS2
3 When the CS1 design concept had proven as mostly favourable, the design of a second primary clock was started. The construction drawings of its stainless steel vacuum chamber dated 1974 bear witness to that early work. In Figure 3 I reproduce one of my photos taken when finally in 1985 the Ramsey cavity was mounted inside the triple magnetic shield. CS2 operation started in fall 1985, so with this article we coincidentally contribute to the celebration of fifty years of atomic timekeeping and, being optimistic, of 20 years of CS2. A horizontal section of the CS2 beam tube is shown in Figure 4 . CS2 was equipped with one oven and one detector in each end chamber so that a reversal of the atomic beam direction, whose relevance will be subsequently explained, can be done without an effect to the vacuum and thus only requires a few minutes of interruption of continuous operation. The cylindrical C-field coil support surrounding the Ramsey cavity represents the UHV enclosure which is separated from the large recipient (see Figure 4 ) in which a pressure of 10 -4 Pa is maintained. The inner structure and thus the cavity can be adjusted in the vertical direction with respect to the beam axis which is defined by the axes of the magnets in both end chambers. This feature was used to determine the transversal phase distribution in the CS2 cavity in situ (see Sections 2.3 and 4). Although no individual part in CS2 looks like its counterpart in CS1, the similarities in performance are quite high. In Table 1 , I also include the CS2 operation parameters as they are valid today. There are only minor changes compared to the initial parameters presented in 1986 [13] .
Description of the construction principles common to CS1 and CS2
The basic construction principle of a caesium clock as laid down before was put in practice in CS1 and CS2. The most significant feature in which these clocks differ from other primary clocks [2] is the use of magnetic multipole fields for state selection. Their action is comparable to that of optical lenses with a strong "chromatic aberration", i. e., the focal length of the fourpole and sixpole lenses is strongly dependent on the atomic velocity v. Only atoms in a narrow velocity interval out of the thermal distribution can contribute to the signal reaching the detector (See e. g. [10] , written in a different context). The center of this interval can be chosen lower than the most probable velocity in an effusive thermal beam. This helps to obtain a narrow clock transition linewidth and in general to minimize all velocity-dependent frequency shifts [2] .
One particular shift is caused by an almost inevitable phase difference φ existing between the microwave fields in the two interaction regions of the Ramsey cavity. The phase difference is typically caused by a construction asymmetry in the cavity arms with respect to the feed together with the finite conductivity of the cavity wall material. The frequency shift scales as ~φ×v, and it can be understood as due to the Doppler effect caused by a running wave component superimposed on the standing wave pattern in the cavity. This interpretation also 4 explains the effect of a spatial variation of φ in the interaction region entailing the so-called distributed cavity phase shift.
Initially, in CS1 two sets of magnets of different length were installed whose position could be interchanged easily. There has always been a substantial difference regarding the construction of the microwave cavity used in CS1 and CS2. Here I detail only the present situation. In CS2, the central waveguide is completed by two corner shaped end parts whose dimensions were chosen in such a way that the standing wave pattern in the straight part of the cavity is not distorted inside the end parts. The atomic beam intersects the cavity one half wavelength away from the short. A linear dependence of the microwave field phase on the vertical position of (83 ± 3) µrad/mm was found for such a type of cavity in studies performed in a separate frequency standard (see Section 5) [14] and of (94 ± 10) µrad/mm with CS2 itself [13] . This value combined with the estimated capability that after a beam reversal the atomic trajectories are the same as before leads to the respective contribution to the CS2 uncertainty -which actually is the largest of all -as depicted further below in Figure 8 .
In CS1, two terminal parts of ring-shaped design, as proposed by De Marchi et al. [15] , have been used since 1996. A microwave field with a maximum of the magnetic field amplitude and a zero Poynting vector (no "running wave") at the midpoint of the irradiation section should be sustained in such a ring structure. The spatial dependence in the horizontal direction of the phase φ around the minimum of phase variations in such a ring cavity should be only quadratic, and it should remain within 4 µrad over the 3 mm diameter of the atomic beam. No such dependence is expected in the vertical direction. Measurements at PTB had yielded less favorable results when the first model of such a cavity was tested [16] . As a consequence, a worst case estimate of those results (20 µrad/mm) became the basis for the CS1 uncertainty estimate [4] . The experiments were repeated in 2000, using a cavity end 5 piece manufactured together with those two units built into the CS1 and gave a similar result.
Therefore the uncertainty estimate was kept at the old value.
In summary, it can be stated that the construction principle of CS1 and CS2 is favourable to obtain a small uncertainty for the realization of the unperturbed hyperfine transition frequency. This was indeed partially predicted very early [8, 11] , but some further advantages listed below were identified only much later. These are:
The confinement of the atomic beam to a narrow cylindrical cross-section of 3 mm and 2.6 mm diameter in CS1 and CS2, respectively, defined by the bore diameter in the magnets, reduces the distributed phase shift and the effect of the transversal components of the magnetic microwave field which increases with the beam diameter.
-
The confinement of the atomic velocities to a narrow interval around a rather low mean value facilitates the determination of the frequency shift due to time dilation, and it reduces the sensitivity of the output frequency to the power of the interrogating microwave field. (This sensitivity is due to cavity pulling and the end-to-end cavity
The axial C-field and the shielding geometry actually make the accurate determination of the magnetic shift due to second-order Zeemann effect a simple undertaking despite its large magnitude.
The cosine-shaped axial variation of the magnetic microwave component in the cavity end sections minimizes the amplitude of the far-off-resonance side lobes of the Ramsey patterns and thus the so-called Rabi pulling [17] .
The main disadvantage lies in the fact that the population in terms of number and velocity of the Zeeman sublevels characterized by m F is by nature of the magnetic state selection and velocity filtering a function of m F . The relevant population numbers were included in Table 1, and they show that the number of atom in the state (4, +1) is about twice as large as that in state (4, −1). Therefore, the frequency shifts due to Rabi-and Ramsey pulling and due to Majorana transitions must be considered carefully. A few details on the latter are given in the next Section.
Continuous clock operation requires a design of the electronics for microwave field generation and signal processing very much like that common in commercial atomic clocks.
The currently used systems are identical in both clocks and represent the fourth generation in CS1 and the second generation in CS2, A commercial 5 MHz BVA voltage-controlled quartz oscillator (VCXO) is slaved by means of the control loop to yield an output frequency 6 in accordance with the definition of the second. The control loop has the elements VCXO, frequency-synthesis unit, caesium-beam tube, and signal-processing unit. The design criteria have been laid down in [18] . In the frequency-synthesis unit the signal of the VCXO at f n = 5 MHz is converted to the signal in the microwave region at frequency f p . It is
with f e ≈ 2.919 Hz and f 0 = 9 192 631 770 Hz.
In closed-loop operation, f p is steered to the actual line centre of the clock transition, which differs from f 0 by the sum of all systematic frequency shifts. This implies that f e is approximately equal to the frequency shift due to the quadratic Zeeman effect (by far the largest of the systematic effects, ≈ 3.175×10 -10 , relatively) which in turn is dictated by the Cfield of about 8.27 µT. Ultimately, the value of f s and thus that of f e are determined by the frequency-synthesis electronics [18] . To determine the line centre, the frequency f p is squarewave modulated with a modulation period T m of 260 ms. The total time constant of the control loop is about 30×T m . The modulation width can be set to f H = 62 Hz, which corresponds to the width of the central Ramsey fringe, or the threefold value f H = 186 Hz (3×W). When the modulation width f H is changed, some systematic frequency shifts may emerge and can be studied. Rather than changing the synthesizer output frequency f s , the magnetic field is adjusted in both beam directions so that the sum of all frequency corrections exactly compensates the offset produced by the frequency synthesis, which explains the two entries in Table 1 .
Operation of CS1 and CS2
Continuous operation requires first of all the continuous availability of an atomic resonance signal. A simple calculation based on kinetic gas theory predicts that at the actually prevailing temperature of the caesium reservoir in CS1 and CS2 of about 170°C the atomic flux through the nozzle of 0.1 mm diameter and 0.5 mm length amounts to 5.6×10 13 at/s, and the reservoir which initially contains 5 grams of caesium will be depleted after about 13 years. This in mind, it is not surprising that CS2 still runs on the initial fill of the two ovens. For me it is more astonishing that since 1983, when I joined the laboratory, of the three detectors of CS1 and CS2 we had just one detector filament burnt out.
Since all the necessary frequency corrections are applied on-line, the CS1 and CS2 quartz oscillators are thus delivering 5 MHz in real-time exactly, neglecting for a moment the uncertainty and instability of the clocks. A 1 pulse per second signal is generated by a 7 divider, and the time differences UTC(PTB)-T(clock) are measured, stored, and transferred monthly to BIPM without further processing. Operational parameters are checked periodically and validated to estimate the clock uncertainty for any given period. These parameters are the Zeeman frequency, the temperature of the beam tube (vacuum enclosure), the line width of the clock transition as a measure of the mean atomic velocity, the microwave power level, the spectral purity of the microwave excitation signal, and some characteristic signals of the electronics.
In recent years, typically three to four beam reversals were made per year in each clock. For this to take place, the positions of oven and detector at each end of the clock have to be interchanged. Clock operation of the CS1 has to be interrupted for about 6 hours, and Figure   6 illustrates the procedure. As said before, the equivalent procedure is much simpler in the case of CS2. The beam reversals performed since 2001 gave the results depicted in Figure   7 . Half of the mean values of the beam reversal frequency shift y BR as determined by averaging over a few previous beam reversals are applied as a correction during operation (see Table 1 ). For both data sets the standard deviation around the mean values is in close agreement with the expectations based on shot-noise limited performance of CS1 and CS2.
Of course, the quartz control loop has to be opened during such service work. In order to 
Discussion of the CS1 and CS2 uncertainty budget
In their paper and earlier in their text book, Vanier and Audoin discussed in detail the factors which determine the accuracy of a primary frequency standard [2, 19] . The determination of the individual uncertainty contributions of CS1 and CS2 as they are valid today were detailed in [4-6, 13, 20] . A critical analysis was recently presented when a reference standard of superior accuracy, CSF1, a cold-atom caesium fountain frequency standard, became available at PTB [21] . In [21] we proposed the concept of discriminating between static and dynamic uncertainty contributions due to the various physical effects. The static values are of and the temperature profile along the cavity remain unchanged [23] . In order to achieve this, the two CS2 ovens are kept at the same temperature independent of the beam direction, however the unused oven is mechanically closed to economize the caesium consumption.
The CS2 cavity temperature can be inferred only indirectly [5] since there is no temperature probe attached to the CS2 inner vacuum structure. Since 1996 three temperature probes are attached to the CS1 C-field coil, and the temperature distribution is kept fixed independent of the oven position by adjustment of a variable heat source at the detector chamber. This had not been done in earlier times.
Concerning most other physical parameters, CS1 and CS2 are very similar. The inhomogeneity and instability of the magnetic field contributes to the next largest uncertainty contribution (see Figure 8) . A more careful examination and documentation was done in the case of the CS1 in 1996 than a decade before when CS2 was assembled. "Ramsey pulling"
and "Majorana transitions" (see below) stand for shifts which were rather difficult to determine experimentally since it was difficult to deliberately increase these effects compared to standard operation conditions in CS1 and CS2. Experimental verification was also hampered by the rather large frequency instability of the clocks which required long-term experiments, and by the reluctance to introduce major operational changes.
As motivated before, it was tried to estimate to which extent the systematic frequency Recorded variations of the integrator offset voltage, of the spectral properties of the microwave signal, and of other electronic parameters could, according to theory, not explain a relative frequency variation larger than 5×10 -16 . In consequence the variable parts of the uncertainty contributions "_var" are estimated as depicted in Figure 8 . The estimate regarding φ included in Figure 8 assumes that φ is constant and that the mean velocity undergoes changes as observed.
In continuation of the earlier description of the practice of performing beam reversals, I wish to stress why this is considered a reasonable practice. Firstly, we assume that φ is constant and independent of the beam direction. As y BR is known only with a statistical uncertainty the correction applied may be in error. It requires averaging over several cycles of operation in both beam directions to make this error no longer relevant. Secondly, we know that φ could be affected by changes of temperature and temperature distribution in the clock and one could be suspicious that the caesium deposition could change the surface properties inside the cavity with time. Thirdly, the frequency shifting effect of spurious microwave fields to which the atoms might be subjected in the flight region between the two state-selecting magnets is a matter of concern [24] . In principle, such shifts can be tracked down by operating the clock at different microwave power levels and frequency modulation widths.
Using TAI as the frequency reference, no statistically significant frequency changes were observed when related experiments were performed, except once when a soldered joint between two copper pieces from which one CS1 cavity end section is made was faulty. If these spurious fields have stable amplitude and phase, their frequency shifting effect changes sign with the beam direction, another motivation to retain the operational practice.
It has been common practice to express the uncertainty for the realization of the SI second as one numerical value u B which is calculated as the square-root of the sum of squares of the individual "_total" contributions in Figure 8 . The result is 7.23×10 −15 for CS1 and 12.08×10 −15 for CS2. In order not to underestimate the CS1 uncertainty, the value officially reported to BIPM was increased to 8×10 -15 since 2000. Subsequently this value was used in calculating the CS1 contribution to the determination of the TAI scale unit [3] and in the calculation of TT(BIPMxx) [22] . In Section 6, I will discuss the frequency comparisons among CS1, CS2, CSF1, TAI, and TT(BIPM04) and will refer to the two types of uncertainty contributions introduced here.
Accompanying research activities: CSX
Continuous operation of CS1 and CS2 entailed the drawback that studies regarding the mechanisms of frequency shifts and the validation of the uncertainty estimates could be made only to a small extent. The attitude not to disturb the clocks prevailed most of the time. 10 A great deal of knowledge required for estimating the uncertainties was gained from studies involving another atomic beam frequency standard maintained at PTB, named CSX, which was initially built for the study of cavity properties [14] . It has many similarities with CS1 and CS2, but the mean atomic velocity is 405 m/s and the line width is thus 253 Hz. As a peculiarity, the cavity can be rotated around two orthogonal axes through the centre of the first interaction region so that the phase distribution in the second region can be measured.
As explained before, the findings entered into the respective uncertainty contributions of CS1 and CS2. Only after a prototype of the CS2 cavity had been tested in CSX the final copy was built and then installed (see Figure 3) .
Later CSX proved a versatile tool for other studies. In CSX the homogeneity of the magnetic field could be intentionally degraded and the effect of Majorana transitions on the operational parameters and on the output frequency of a caesium atomic frequency standard was studied in great detail [25, 26] . Majorana transitions occur when the atomic beam passes through weak inhomogeneous fields in the flight region between the two state-selecting magnets. Observations of frequency shifts had been reported from a few groups (see references in [25] ), but only specifically designed experiments in CSX allowed to explain their occurrence. It turned out that the occurrence of frequency shifts requires that surfaces surrounding the atomic beam. A relative frequency shift of -17.9 (1,6)×10 -15 at room temperature was derived [26] , in good agreement with the theoretical prediction -16.9×10
-15 [27] . The experimental uncertainty reflects the inability to separate the effect of the heat sources on the CSX cavity dimensions from the effect of the AC electric fields under study.
No beam reversal can be performed in CSX. Ideally, the experiment should have been conducted in CS2, taking data at a given blackbody radiation intensity in both beam directions. This idea was discussed but finally discarded in view of the difficulty to install the necessary heaters, heat shields, and multiple temperature probes inside CS2.
Long-term comparisons of CS1 and CS2
Internal comparisons
In this section I wish to report on recent internal comparisons among CS1, CS2, and PTB's fountain frequency standard CSF1. Since the refurbishment of CS1 in 1996, we have recorded continuous time differences between CS1 and CS2 during 2500 days. On average, the CS2 frequency was found higher, y(CS2 -CS1) = 6×10 -15 , where y denotes the relative frequency difference, and after removal of this mean offset the time residuals as depicted in CSF1, PTB's fountain frequency standard using laser-cooled caesium atoms, was essentially completed in 1999 and described in detail in [29, 30] . For the routine operating conditions, the CSF1 standard uncertainty u B was estimated as 1×10 -15 [28] and a relative frequency instability of 2×10 −13 (τ/s) −1/2 is usually observed in comparisons with an active hydrogen maser. Thus, in comparisons of CS1 and CS2 with CSF1 all apparent frequency differences and the frequency instability observed can be attributed to be caused by the older clocks [21] . 12 16 individual comparisons between CSF1, CS1 and CS2 were performed which cover a period of almost 3.5 years. The results are depicted in Figure 11 and are tabulated in Table   2 . The average duration of the comparisons τ was 18 days. The uncertainty bars, for clarity only one per clock, reflect the combined u B of the clocks and the statistical measurement uncertainty u A for the average τ under typical conditions. The standard deviation around the mean found for the CS2 comparison data can be explained as due to white frequency noise of CS2. An extra noise contribution of about 2.5×10 -15 is needed to explain the observed standard deviation of the CS1 comparison data (all numbers have been rounded to one decimal place). The existence of such an excess noise could also explain the deviation of some of the data points from the straight line in Figure 10 .
The findings are essentially the same as reported previously for a reduced data set [21] .
Based on the knowledge of physical laws and on the observation of parameter variations in time it was predicted that the clock frequencies should not vary in time by more than 0.76, 1.30 and 1.93 parts in 10 15 (1 σ) for CSF1 [21] , CS1, and CS2, respectively. The last two numbers represent the square-root of the sum of the squared uncertainty contributions "_var"
in Figure 8 . Such variations would represent a flicker-floor in comparisons against a superior standard. In case of CS2 this statement is supported by the observations as one notices agreement between the observed instability in y(CSF1 -CS2) ( Figure 11 and Table 2 ) and the predicted potential variations in systematic CS2 frequency shifts. No contribution can be identified immediately which would, however, explain the variations in y(CSF1 -CS1). Again, one may be suspicious that the variations of the frequency shift due to φ might have been underestimated. In case of CSF1 repeated comparisons with other frequency standards of similar accuracy and stability would be required to verify the predictions made in [20] , which
has not yet been possible.
Typically, the mean frequency difference among primary clocks is of great public interest.
CS2 and CSF1 agreed well within the uncertainty u B (CS2), in contrary hereto the CS1 frequency deviates slightly more from CSF1 than u B (CS1). It is indeed probable that the CS1 uncertainty might have been estimated overlooking one effect or being slightly too optimistic.
External comparisons and measurements of the TAI scale unit
Historically, CS1 and CS2 represent the two primary clocks in the world which have contributed to the realization of TAI for the longest period and with the largest amount of data. For a couple of years CS1 -even before its refurbishment -and CS2 were the most accurate clocks from which data were used to adjust the TAI scale unit to the SI second.
Even after 1996, when the clocks had lost this status, the regularity of measurements has 13 compensated for the lack of accuracy and the statistical weights which CS1 and CS2 get until today are substantial [3, 31] . It is thus natural that in the very long term the scale unit of TAI is close to the seconds provided by CS1 and CS2. In Figure 12 the results of comparisons with respect to TAI during more than two decades are shown. The data reveal several details of historical interest when considering that the performance of the clocks was never intentionally changed to a substantial extent, with the one exception that the refurbishment of CS1 (visible as the gap in the CS1 data) improved its frequency stability by almost a factor 2.
Some features in Figure 12 [32] . Only since the instability of TAI was reduced and the quality of the time links was improved to the current level, the data shown in Figure 12 reflect the characteristics of the PTB clocks. The plot has not been continued until today since now a higher resolution appears appropriate.
Recently TT(BIPM04), a post-processed realization of Terrestrial Time, was published [22, 3] which can be regarded as the most stable reference available. In Figure 13 Table 1 ). The contributions of individual primary frequency standards are combined, and the statistical weight [22, 31] is determined by the combined uncertainty u defined before (2) . Continuous operation helps to minimize the terms u A and u Link in (2) . This seems to be a distinct advantage compared to the property of fountain frequency standards, at least given the current practice of their operations. For some of these standards, the terms u A or u Link become dominant. If the properties of the local frequency reference used as a fly-wheel during intermittent fountain operations are not well enough predictable, an underestimation of u Link or u A may result. This is one possible interpretation of the large scatter in the data of some fountains presented in Figure 14 . Despite the fact that these devices are capable to realize the SI second with much lower uncertainty u B than CS1 and CS2 [34] , the two thermal beam clocks are still very valuable in the steering of TAI and thus in the realization of an accurate and stable time scale for world wide public and scientific use. 
